The water stability of electrospun poly(vinyl alcohol) (PVA) nanofibres was improved significantly by annealing with poly(acrylic acid) (PAA). Effects of annealing were tested on solution-cast PVA/PAA films by measurement of the swelling degree. The influence of PVA/PAA ratio, annealing temperature and period, molecular weight of PAA, and addition of esterification catalyst was investigated. The results were verified by a significant improvement of the water-stability of electrospun PVA/PAA composite nanofibres.
Introduction
Electrospinning is a highly versatile method useful for the preparation of polymer nanofibres for a wide variety of applications [1] [2] [3] [4] [5] [6] [7] . A particular advantage of electrospinning is that also sensitive materials such as enzymes can be electrospun into fibres [8] where aqueous environment may be required. Besides that, electrospinning from aqueous solution offers environmental advantages for polymer nanofibre production on an industrial scale. Indeed, a variety of polymers, such as poly-(ethylene oxide), polyvinylpyrrolidone or poly(vinyl alcohol) (PVA) can be electrospun to nanofibres from aqueous solution. Although these polymers such as PVA will form excellent nanofibres by electrospinning under suitable conditions, a major drawback for certain applications is that they will disintegrate immediately upon contact to water. However, PVA is a highly functional polymer, which gives multifold opportunities for tuning of physical properties by chemical treatment. One promising approach is crosslinking of PVA by esterification with poly(acrylic acid) (PAA), which has been reported in literature for bulk samples [9] . Crosslinking of PVA-based nanofibres by esterification with PAA or by chemical or physical crosslinking with other reagents was reported recently in literature, however, without systematic investigation of fibre morphology and fibre stability against water [10] .
In the course of our systematic investigation of waterborn electrospun fibres with excellent water stability even at high temperatures we present here the systematic exploration of post-processing treatment of electrospun PVA/PAA fibres and its consequences for the water resistance of resulting water-born electrospun fibres.
Results and discussion
Electrospun composite fibres of PVA and PAA were obtained by electrospinning of 10% ternary aqueous solutions of PVA and PAA of different compositions. No phase separation of PVA and PAA was observed in the fibres according to scanning electron microscopy (SEM) and transition electron microscopy (TEM) (Fig. 1) . Fibres are nicely uniform, which is in contrast to electrospun pure PVA fibres with bead-like defects [11] . a b Not unexpected, as-processed electrospun PVA/PAA fibres were readily soluble in water even at 20°C. Water-resistance of PVA/PAA fibres can be reduced significantly by annealing depending on the annealing temperature, annealing period, on the ratio of PVA/PAA, and on acidic additives added prior to annealing.
Water resistance of PVA/PAA was studied systematically using film samples, which is otherwise difficult with PVA/PAA fibres. The swelling degree of film samples against water was taken as a measure for water resistance of the system PVA/PAA. The water-resistance increases with decreasing degree of swelling. In order to tune the swelling degree and thereby the water-resistance, the weight ratio of PVA/PAA was varied between 90:10 to 65:35, the annealing temperature was varied between 80 and 140°C, the annealing time was varied from 10 to 60 min, and 5 wt.-% of ptoluenesulfonate (TOS) was added in some experiments as esterification catalyst in order to increase the water-resistance of PVA and PAA (Tab. 1). It is obvious that an increasing PAA content decreased significantly the annealing time and the annealing temperature necessary for the formation of water-stable PVA/PAA films. For the PVA/ PAA film with the ratio 90:10, good water-stability of the film could be obtained only by annealing at 120°C for 1 h, while shorter annealing periods resulted in disintegration of the films. In contrast, PVA/PAA films with the ratio 70:30 resulted in low SD already after annealing at 100°C for 30 min. It is obvious that the water-resistance increased with increasing annealing temperature and annealing period. However, extensive annealing at prolonged period can also result in degradation of the polymers, as will be discussed in more detail below.
Comparison of high-and low-molecular-weight PAA showed that high-MW PAA is more efficient for the improvement of the water-resistance of PVA by annealing (Tab. 1). For example, annealing at 100°C for 3 h resulted in hardly water-swellable PVA/PAA samples with PAA of M w = 250 000, whereas films of PVA/PAA annealed for 3 h with PAA of M w = 1000 did dissolve in water at room temperature. Even the addition of an esterification catalyst like TOS did not further increase the waterresistance of PVA/PAA with PAA of M w = 1000 upon annealing at 100°C for 3 h. With PAA of M w = 250000, the presence of 5 wt.-% TOS increased the waterresistance significantly. For the PVA/PAA (90:10) system the annealing period was reduced to 10 min at 120°C with TOS as additive (Tab. 2). However, the effect of TOS was reduced by an increasing annealing temperature. At higher temperatures (more than 140°C), the presence of TOS accelerated the decomposition reactions.
A drastic increase in the annealing temperature reduced dramatically the time required for annealing even without TOS. When annealed at 170°C, a 3 min annealing period resulted in a water-stable PVA/PAA (80:20) film (thickness about 0.5 mm) (Tab. 3).
Based on the results obtained with PVA/PAA films, electrospun PVA/PAA (75:25) fibres were converted by annealing at 100°C for 30 min. The water-stability of the annealed PVA/PAA fibres was characterized by observation of morphological changes of the fibres after exposure to water at 20°C or water steam (95°C). The fibres were immersed in water at 20°C for 1 day or exposed to steam for 1 h, respectively. No change in fibre morphology was observed after 1 day in water at 20°C, whereas a slight swelling of the fibres was observed after exposure to steam for 1 h, indicating excellent water-stability of the annealed PVA/PAA fibres (Fig. 2) The results so far clearly show the potential for the improvement of water-stability of PVA fibres by annealing in the presence of PAA. However, the addition of PAA and the esterification will certainly also lead to additional property changes such as hydrophilicity, OH-functionality and acidity, which in turn will affect other chemical, physical, and biological properties such as biocompatibility, thermal stability, electrostatic properties etc. Therefore, we have also explored how annealing of PVA and PAA will affect the hydrophilicity of the fibres. Analysis of annealed PVA/PAA fibres showed still a considerable amount of hydroxy groups (3332 cm -1 ) being left in the polymer as well as carbonyl moieties (1712 cm -1 ) (Fig. 3) . It is difficult to confirm ester-based crosslinking sites in PVA/PAA fibres although ester bonds are the only decent explanation for the excellent water stability of annealed PVA/PAA fibres even at high temperatures. We tried to monitor the amount of PVA by the relative IR absorption of hydroxyl groups (relative area of the OH absorption peak at 3332 cm -1 to the C-H absorption peak at 2915 cm -1 ). However, the data are inaccurate due to an overlap of OH and C-H signals (see also Fig. 3 ). Nevertheless, large amounts of unreacted OH-and carboxyl-groups versus ester groups should contribute considerably to the hydrophilicity of annealed PVA/PAA samples, which was probed by contact angle measurements of PVA/PAA films annealed at 140°C for 3 h or at 100°C for 30 min with high-and low-MW PAA (Fig. 4) . At lower PAA content, the contact angles of PVA/PAA films increased with increasing PAA content, which could be caused by formation of hydrophobic ester groups. However, at higher PAA content, the contact angle decreased with increasing PAA content, which could be due to an excess of carboxylic groups from PAA. 
Methods
IR spectra of fibres were recorded on a Perkin Elmer FT-IR 1600. The contact angle of films against water was measured by means of the dynamic measurement mode using Kruess Contact Angle System G10 equipped with a digital camera. The contact angle was automatically calculated by means of software SCA20 (version 1.2.1).
Morphology and dimension of electrospun PVA fibres were observed using scanning electron microscopy (SEM, CamScan 4) at an accelerating voltage of 15 kV. A small piece of the fibre mats was placed on the sample holder and sputter-coated with gold (Edward Type Auto 306 sputter coater).
The water-resistance of PVA/PAA films was characterized by means of the swelling degree of films, which is defined as relative weight increase of the films after immersion in water. The treated films were immersed in water and boiled for 1 h. Then the films were taken out and weighed after removal of surface droplets. The swelling degree (SD) was calculated using the following equation:
where W1 is the initial weight of the film and W2 is the weight of the film after immersion in water. The water-resistance is inversely proportional to the SD.
Water-stability of annealed PVA fibres was tested by exposure of the fibres to water at 20°C for one day or in steam (95°C) for 1 h, followed by observation of fibre morphology by SEM. The microscopic morphologies of the fibres before and after steaming were compared.
Electrospinning
The set-up for electrospinning used in this study has been described in detail previously [4, 5] . A variable high-voltage power supply, which can produce voltages ranging from 0 to 55 kV, was used for electrospinning. It consists of a 20 kV positive power supply (LNC 20000 -3 pos, Heinzinger, Germany) and a 35 kV negative power supply (HCE 7-35000, Germany). The polymer solution was filled in a 20 mL syringe attached with a blunt steel needle of 0.3 mm inner diameter. A round steel plate (diameter 18.5 cm, thickness 1 cm) as counter electrode was placed 12 cm away from the needle tip. A glass plate was placed over the counter electrode as collecting substrate. The positive power supply was attached to the needle and the negative power supply was attached to the counter electrode. Electrospun fibre mats were deposited on paper or aluminium frames placed on the glass substrate. 7 wt.-% PVA aqueous solutions were prepared by strongly stirring PVA powder in water at 95°C for at least 3 h. PVA nanofibres were obtained by electrospinning from PVA aqueous solution. PVA/PAA blend nanofibres were obtained by electrospinning from PVA/PAA blend solutions, which were prepared by directly mixing PVA and PAA aqueous solutions with desired ratio. All electrospinning experiments were carried out under the same conditions: electrical voltage 55 kV, distance between the needle and the collector 12 cm, room temperature, air atmosphere.
Annealing of electrospun PVA/PAA fibres
Treatment of PVA/PAA nanofibres was done by annealing the fibres in vacuum at a certain temperature for a desired period. The annealing temperature varied from 80 to 175°C, and the annealing period varied from 3 min to 1 h.
Conclusion
The water stability of electrospun PVA fibres can be improved significantly by annealing with PAA. High annealing temperatures require short annealing periods whereas low annealing temperatures require annealing periods up to several hours. Dramatic effects were observed on the molecular weight of PAA. High molecular weight of PAA resulted in excellent water-resistance of PVA even at low PAA content and low annealing temperatures. Crosslinking agents such as p-toluenesulfonate facilitated annealing reactions. Fibres with excellent water stability at room temper-ature and up to 95°C where obtained as result of annealing of electrospun PVA/PAA fibres. Nevertheless, it should be stated that annealing might be unsuited for certain substrates or applications due to materials stress or uncontrolled reactions. Improvement of the water-resistance of PVA under ambient conditions will be the topic of a forthcoming paper.
